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Abstract

A single guide RNA (sgRNA) directs Cas9 nuclease for gene-specific scission of double-stranded
DNA. High Cas9 activity is essential for efficient gene editing to generate gene deletions and gene
replacements by homologous recombination. However, cleavage efficiency is below 50% for more
than half of randomly selected sgRNA sequences in human cell culture screens or model organisms.
Here, we used in vitro assays to determine intrinsic molecular parameters for maximal sgRNA
activity including correct folding of sgRNAs and Cas9 structural information. From comparison of
over 10 data sets, we find that major constraints in sgRNA design originate from maintaining the
secondary structure of the sgRNA, sequence context of the seed region, GC context and detrimental
motifs, but we also find considerable variation among different prediction tools when applied to
different data sets. To aid selection of efficient sgRNAs, we developed web-based PlatinumCRISPr,
a sgRNA design tool to evaluate base-pairing and known sequence composition parameters for
optimal design of highly efficient sgRNAs for Cas9 genome editing. We applied this tool to select
sgRNAs to efficiently generate gene deletions in Drosophila Ythdcl and Ythdyf, that bind to N°
methylated adenosines (m®A) in mRNA. However, we discovered, that generating small deletions
with sgRNAs and Cas9 leads to ectopic reinsertion of the deleted DNA fragment elsewhere in the
genome. These insertions can be removed by standard genetic recombination and chromosome
exchange. These new insights into sgRNA design and the mechanisms of CRISPR/Cas9 genome

editing advances use of this technique for safer applications in humans.
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Introduction

Bacterially derived Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-
associated protein 9 (Cas9) from Streptococcus pyogenes provides a powerful tool for precise
genome editing (Garcia-Doval and Jinek 2017; Jiang and Doudna 2017; Hille et al. 2018; Doudna
2020). To induce double stand-breaks in DNA at desired locations, the DNA scission enzyme Cas9
uses a guide RNA (gRNA) containing a 20 nucleotide complementary sequence to the genomic
target site (protospacer), which also requires the protospacer adjacent motif (PAM) at the 3’end,
comprised of NGG sequence (whereby N is any nucleotide and G is guanine). In addition to the
target complementary sequence (spacer) the gRNA also contains a constant crispr RNA (crRNA)
sequence that base-pairs with frans-activating ctrRNA (tracrRNA). Alternatively, a single gRNA
(sgRNA) can be used whereby the crRNA is fused to the tracrRNA through an artificial loop (Jinek
et al. 2012; Cong et al. 2013).

High efficiency CRISPR-Cas9 mediated DNA scission is essential to generate mutants at high
frequency in genetic screens and to provide the resource for efficient homologous recombination
directed gene replacements. Large scale analysis of sgRNA efficiencies revealed the whole
spectrum of on-target cleavage activities ranging from 0-100% arguing for a number of parameters
that need to be correct for high efficiency cleavage leading to models incorporating weighing of
features and/or thermodynamics of secondary structures (Hsu et al. 2013; Doench et al. 2014;
Gagnon et al. 2014; Ren et al. 2014; Wang et al. 2014; Chari et al. 2015; Farboud and Meyer 2015;
Hart et al. 2015; Housden et al. 2015; Moreno-Mateos et al. 2015; Varshney et al. 2015; Xu et al.
2015; Doench et al. 2016; Liu et al. 2016; Abadi et al. 2017; Gandhi et al. 2017; Chuai et al. 2018;
Labuhn et al. 2018; Graf et al. 2019; Zhang et al. 2019; Michlits et al. 2020; Sledzinski et al. 2020;

Trivedi et al. 2020; Xiang et al. 2021; Riesenberg et al. 2023). These studies identified that
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sequences with very low (<35%) or very high (>80%) guanine-cytosine (GC) overall content were
less effective indicating a critical aspect for binding energy in target scission. In addition, purines in
the six nucleotides 5° to the PAM substantially increased Cas9 cleavage efficiency, while
pyrimidines and in particular uridine resulted in a lower efficiency (Ren et al. 2014; Wang et al.
2014; Housden et al. 2015; Graf et al. 2019). The lower efficiency of two uridine preceding the
PAM site was further associated with premature termination of RNA Pol III (Graf et al. 2019),
which terminates after a stretch of four to six uridines (Gao et al. 2018). Moreover, changes in
internal structure of sgRNA has been found associated with low activity (Moreno-Mateos et al.
2015; Thyme et al. 2016; Jensen et al. 2017). Recently, also bioinformatic approaches employing
machine-learning have been used to improve prediction of sgRNA cleavage efficiencies (Xiang et
al. 2021). These observations have helped to improve the design of sgRNAs to yield higher
efficiencies and incorporated into sgRNA design tools, but correlations between predictions and
guide activity vary considerably (Labun et al. 2016) (Haeussler et al. 2016; Sledzinski et al. 2020).
Accordingly, available rules to predict sgRNAs are currently not sufficient to guarantee high
cleavage efficiency and many sgRNA candidates scoring high fail to cleave efficiently (Labun et al.
2016) (Haeussler et al. 2016; Labuhn et al. 2018; Sledzinski et al. 2020). In particular, the impact of
sgRNA folding has not yet been analysed in detail and incorporated in web tools for sgRNA design.
The x-ray crystal structure of Cas9 bound to sgRNA has been determined and indicates four regions
of base-pairing termed tetraloop (tetraloop forms due to fusion of crRNA and tracrRNA) and stem
loops 1-3 that might be important for its function (Anders et al. 2014; Nishimasu et al. 2014). This
structure revealed many points of close interactions of the folded sgRNA with Cas9, but whether

disruptions in the sgRNA structure would impact on Cas9 cleavage efficiency has not
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90 systematically been analyzed (Riesenberg et al. 2023). In particular, highly GC-rich guide RNAs
91  could disrupt the rather weak secondary structure of the sgRNA bound by Cas9.

92  The CRISPR-Cas9 genome editing tool is widely used to generate knock-out mutants by
93  introducing frameshifts. It has been recognized that introducing premature termination codons
94  (PTCs) can induce use of alternative translation initiation sites (Tuladhar et al. 2019). In addition, in
95  CRISPR-Cas9 engineered “knock-outs” of the m’A mRNA methyltransferase METTL3, it has been
96  found that a functional ORF can be restored by altered splicing leaving considerable levels of m°tA
97 in mRNA (Poh et al. 2022). Likewise, compensatory responses have been observed involving
98  upregulating genes and as a consequence causing stronger phenotypes than compared to removing a
99  gene entirely (EI-Brolosy et al. 2019; Ma et al. 2019). In addition, some genes have dual functions
100  as protein and RNA (Hachet and Ephrussi 2004). Hence, introducing a frameshift will only remove
101  the protein function. Likewise, many non-coding RNAs are present in introns suggesting that their
102 expression is connected to the expression of the host gene (Boivin et al. 2018), but such
103 relationships have not yet been explored comprehensively as they require more sophisticated
104  genome editing (Deveson et al. 2017). Thus, for generating gene knock-outs, removing the
105  transcription start site or the entire gene should be considered.

106  Initial concerns about CRISPR/Cas9 were about off target cleavage, but changing one nucleotide in
107  the spacer sequence complementary to the target efficiently abrogates activity (Ren et al. 2014).
108  However, from randomly chosen sgRNA sequences, more than half display cleavage efficiencies
109  below 50%, and we experienced complete inactivity in Drosophila mutagenesis or modification of
110  plasmids. From analyzing the causes of such inactivity, we discovered that maintaining the
111  secondary structure of sgRNAs essentially contributes to high-efficiency DNA scission of Cas9,

112 particularly in cold-blooded animals. Likewise, excessive base-pairing in the seed region also

Haussmann et al. 5
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113 impacts on Cas9 cleavage efficiency. Accordingly optimal design of sgRNA for high efficiency
114 DNA cleavage of Cas9 requires analysis of sgRNA secondary structure which is aberrant with
115  about 50% of PAM adjacent sequences in Drosophila and humans. To facilitate design of optimal
116  sgRNAs, we developed an online tool incorporating all currently known parameters for sgRNA
117  design including correct sgRNA folding (https://platinum-crispr.bham.ac.uk/predict.pl). However,
118  comparison of different sgRNA cleavage efficiency monitoring screens and various efficiency
119  prediction tools reveals considerable variation among different prediction tools when applied to
120  different data sets. We then applied the PlatinumCRISPr tool to identify high efficiency sgRNAs to
121  generate gene deletions in Drosophila using existing transposon marker lines. Using these novel
122 techniques we generated deletions of Ythdcl and Yihdf, that bind to N® methylated adenosines
123 (m®A) in mRNA important in development (Dezi et al. 2016; Haussmann et al. 2016; Roignant and
124 Soller 2017; Balacco and Soller 2019; Anreiter et al. 2021). We further discovered, that generating
125  small deletions with sgRNAs and Cas9 leads to ectopic reinsertion of the deleted DNA fragment
126  elsewhere in the genome, but such inserts can be removed by standard genetic recombination and
127  chromosome exchange. Taken together, large scale analysis of sgRNA cleavage efficiencies in
128  screens together with new sgRNA design tools and insights into the mechanisms of CRISPR/Cas9
129  genome editing will help to develop this technique for safe application in humans.

130

131 Results

132 RNA secondary structure constraints limit sgRNA/Cas9 activity
133 Although sgRNA/Cas9 can cleave DNA efficiently, the first sgRNAs (L11GC and R13GC) we
134 designed according to previously published guidelines did not cut the pUC 3GLA Dscam 3-5

135  reporter we designed to study Dscam alternative splicing from introducing mutations by gap repair

Haussmann et al. 6
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136 recombineering (Fig 1 A and B, Supplementary Fig S1, Supplementary Table S1) (Hemani and
137  Soller 2012; Haussmann et al. 2019). Similarly, the first sgRNAs flanking the Drosophila Ythdf
138  gene, a reader for m’A mRNA methylation did not result in a deletion of the locus based on
139 screening for loss of an RFP-marked transposon even though we had validated the target sequence
140  in the strain used (n=103, Supplementary Fig S2, , Supplementary Table S1)(Balacco and Soller
141 2019). To determine the intrinsic molecular parameters for maximal sgRNA activity, we devised an
142 in vitro assay to test the DNA scission efficiency of these two sgRNA based on in vitro transcribed
143 sgRNAs and commercially available Cas9 using oligonucleotide and plasmid substrates containing
144 matching protospacer sequences followed by a PAM.

145 It has previously been shown that extending the tetraloop in the constitutive component of sgRNAs
146  constituted by tracrRNA and crRNA enhances cleavage efficiency in vitro using oligonucleotide
147  substrates (Fig 1C) (Jinek et al. 2012). Introducing the extended sequence present in tracrRNA and
148  crRNA into sgRNA (L7GCext) did not increase efficiency of cleaving a plasmid at 37°C, but
149  increasing the temperature to 42°C enhanced cleavage by L7GCext (Fig 1B). Increasing the salt
150  concentration to 200 mM also did not result in enhanced cleavage by L7GC/R3G (Fig 1D). In
151  contrast, both L7GC and L7GCext could cleave an oligonucleotide, while R13GC did not (Fig 1E).
152 Using this assay also confirms the previous observation that sgRNAs of shorter length will lead to
153  cleavage. In addition, three guanosines introduced at the 5’end of sgRNAs required for efficient in
154  vitro transcription are tolerated (Fig 1F and 1G) (Jinek et al. 2012).

155  The sgRNA scaffold adopts a typical fold when bound to Cas9 consisting of the bulged tetraloop,
156  followed by small loop 1 and the more extended loops 2 and 3, which form a protective 3’end
157  structure (Fig 1C) (Nishimasu et al. 2014). The loop2/3 structure does not involve the uridines

158  incorporated for termination of RNA Pol III driven expression from plasmids (Fig 1C). When
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159  comparing the secondary structures of the four sgRNAs, we noticed that the two well-cutting
160 sgRNAs L7GC or R3G maintained the secondary structure of the constitutive RNA part, while the
161  non-cutting sgRNA L11GC disrupted the structure of the tetraloop (Fig 1H-K). The effect of
162 R13GC seems more subtle as it could cut in the oligonucleotide assay suggesting that the repeated
163 bulge structure is the cause for its inefficiency, which is supported by x-ray crystal structure of the
164  Cas9-sgRNA-DNA complex. Here, the bulge structure is recognized by Cas9 where Tyrsso base-
165  stacks with Gus, that also forms hydrogen bonds with Aspsss and Phessi , and Phess; forms a
166  hydrogen bond with As> (Nishimasu et al. 2014). In addition, the sgRNAs initially used for deleting
167  the Yrhdf gene have a severely disrupted secondary structure (Supplementary Fig S2).

168  When we systematically analysed genome sequences from Drosophila or humans for correct
169  folding and activity of sgRNAs using the above parameters, about 50% of sgRNAs (241 from 481
170  and 503 from 973, respectively) did not fold properly. Also, only about 10-20 % of randomly
171  selected sgRNAs exert high cleavage efficiency suggesting that correct folding could essentially
172 contribute to high cleavage efficiency (Hsu et al. 2013; Doench et al. 2014; Gagnon et al. 2014; Ren
173 et al. 2014; Wang et al. 2014; Chari et al. 2015; Farboud and Meyer 2015; Moreno-Mateos et al.
174  2015; Doench et al. 2016; Liu et al. 2016; Abadi et al. 2017; Chuai et al. 2018; Labuhn et al. 2018;
175  Grafet al. 2019; Zhang et al. 2019; Michlits et al. 2020; Sledzinski et al. 2020).

176 ~ When comparing the sequences of the cutting sgRNAs L7GC or R3G with the non-cutting L11GC
177 and RI3GC sgRNAs, we further noticed that L11GC and R13GC sgRNAs contained more
178  guanosines, which in RNA can base-pair with C and U. To test if guanosines in the sSgRNA limit
179  Cas9 activity we increased their number in R3G to 13 to make sgRNA 13G (Fig 2A). For the
180  design of the R13 sgRNA, care was taken not to disrupt the tetraloop, but we noticed the potential

181  to interfere with loop 2 (Fig 2B, see below). Intriguingly, sgRNA 13G is not capable of directing
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182  Cas9 cleavage if the target sequence is present in a 3 kb plasmid, but is active with a short
183  oligonucleotide substrate (Fig 2A-D). Likewise, adding a restriction enzyme together with
184  sgRNA/Cas9 inhibited Cas9 in cleaving plasmid DNA suggesting that Cas9’s ability to scan DNA
185  can be impaired separately from its ability to cleave DNA.

186  Since the increased number of Gs in sgRNA R13G lead to enhanced base-pairing, we exchanged
187  the Gs with Cs leading to an open structure in the seed region. This sgRNA R13C cleaved the test-
188  plasmid efficiently (Fig 2C and 2E). Introducing Cs in the left or right half of sgRNA R13G lead to
189  short stem loops and inefficient cleavage of the test-plasmid (Fig 2C, 2F and 2G).

190  To further test to what extent base-pairing impacts on Cas9 activity, we generated sgRNAs
191  L10ds6G and R10ds6GC, where the proximal or the distal half leads to complementary base-pairing
192  of the gRNA with the constant part, respectively (Fig 3A and 3B). Although both sgRNAs
193  supported Cas9 cleavage of oligonucleotide substrate, the R10ds6GC sgRNA base-pairing with the
194  proximal part was mostly inactive in cleaving the plasmid indicating an impaired ability of Cas9 to
195  scan DNA (Figs 3C and 3D).

196  Taken together, these results demonstrate that the structure of the sgRNA is important for efficient
197  Cas9 mediated DNA scission in vitro. Furthermore, high G content and base-pairing in the distal
198  part of the gRNA also impairs DNA scission, while base-pairing in the proximal part is tolerated.
199  To further substantiate these findings, we analyzed the structures of sgRNAs from previous studies
200  in mammalian cells and Drosophila with regard to their cleavage efficiency of previous attempts to
201  define rules for sgRNA cleavage efficiency in vivo (Ren et al. 2014; Graf et al. 2019). Indeed, in 39
202  sgRNAs designed for use in Drosophila reduced cleavage efficiency in nine sgRNAs is associated
203  with disturbances of the sgRNA secondary structure resulting in a cleavage efficiency below 35%

204  (Supplementary Figs S3 and S4, Supplementary Table S1)(Ren et al. 2014). Similarly, from 22
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205 sgRNAs designed for use in mammalian cells, 13 had a cleavage efficiency below 35% associated
206  with disturbances of the sgRNA secondary structure (Supplementary Fig S5, Supplementary
207  Table S1) (Graf et al. 2019). Similar result were also observed for the efficiency of sgRNAs in
208  honey bees (Roth et al. 2019).

209  Given the requirement for correct folding of the sgRNA for efficient Cas9 mediated DNA scission,
210  we further examined the x-ray crystal structure of the Cas9-sgRNA-DNA complex to see whether
211  this would provide additional instructions to design sgRNAs (Nishimasu et al. 2014). Indeed, the

212 first two nucleotides, adenosine 51 and 52 (As; and As,, Supplementary Fig S6 and S7) after the
213 tetraloop form an aromatic base-stacking interaction with phenylalanine 1105 (Phe;,ps) of Cas9.

214  Furthermore, these interactions are stabilized by guanosine 62 (Ges2) forming non-Watson Crick
215  hydrogen bonds with As; Asy and Pheiios, and uracil 63 (Ug3) forms a base-stacking interaction with

216  Asz. These interactions indicate that base-pairing of the gRNA with these nucleotides of the

217  constant part of the sgRNA reduce Cas9 activity in Cas9 cleavage assays in vitro and mutagenesis

218  invivo.

219

220  Large scale evaluation of novel sgRNA design parameters

221  Next, we incorporated all the features previously published and from this study into a bioinformatic

222 sgRNA design tool, https://platinum-crispr.bham.ac.uk/predict.pl (a stand-alone code is available

223 for non-commercial use upon request from the authors) (Hsu et al. 2013; Doench et al. 2014;
224 Gagnon et al. 2014; Ren et al. 2014; Wang et al. 2014; Chari et al. 2015; Farboud and Meyer 2015;
225  Moreno-Mateos et al. 2015; Doench et al. 2016; Liu et al. 2016; Abadi et al. 2017; Chuai et al.
226  2018; Labuhn et al. 2018; Graf et al. 2019; Zhang et al. 2019; Michlits et al. 2020; Sledzinski et al.
227  2020). The included features include validation of intact secondary structures (tetraloop, loop 2 and

228 3, Figs 1-3), presence of a tetraloop bulge mimic (Fig 1K), self-complementarity of the gRNA (nts

Haussmann et al. 10
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229  1-20, Figs 2F and 2G) (Moreno-Mateos et al. 2015; Thyme et al. 2016; Jensen et al. 2017), GC
230  content in the six nucleotide seed region of the gRNA (nts 15-20, Supplementary Data 1, (Ren et
231 al. 2014; Wang et al. 2014; Graf et al. 2019), GC content of the gRNA (nts 1-20, Supplementary
232  Data 1, (Ren et al. 2014; Wang et al. 2014; Graf et al. 2019), the UUYY motif (nts 16-20), which
233 results in complete base-pairing (Fig 3) and can act as a Pol III termination signal (Gao et al. 2018),
234 the UCYG and CYGR motifs (nts 16-20) associated with lower cleavage efficiency (Graf et al.
235  2019) and lack of base-pairing of nucleotides 40, 41, 51 and 52 that are engaged in contacts with
236  Cas9 (Supplementary Fig S6 and S7).

237  To identify additional parameters affecting sgRNA cleavage efficiency, we performed a motif
238  analysis among the 35% low scoring sgRNAs for a number of different data sets (Doench et al.
239  2014; Gagnon et al. 2014; Ren et al. 2014; Wang et al. 2014; Chari et al. 2015; Farboud and Meyer
240  2015; Hart et al. 2015; Moreno-Mateos et al. 2015; Varshney et al. 2015; Xu et al. 2015; Doench et
241  al. 2016; Gandhi et al. 2017; Xiang et al. 2021) , but we did not find motifs associated with low
242  performance in individual data sets.

243 We then analysed the performance of a Drosophila sgRNA data set (Ren et al. 2014) according to
244  sgRNA design parameters described above. Our design tool PlatinumCRISPr selected 13 from 39
245  sgRNAs and those showed a cleavage efficiency of 55 % or more (Fig 4A). We then analysed a
246  number of sgRNA prediction tools for this data set including Chariscore (Chari et al. 2015),
247  Crispron (Xiang et al. 2021), DeepSpCas9 (Kim et al. 2019), DoenchScore (Doench et al. 2014),
248  Azimuth (implemented in ChopChop)(Doench et al. 2016), Moreno-Mateos Score (Moreno-Mateos
249 et al. 2015), Wang Score (Wang et al. 2014), Wong Score (Wong et al. 2015) and Xu Score (Xu et
250 al. 2015). PlatinumCRISPr significantly outperformed all of these prediction tools with the

251  Drosophila data set (Ren et al. 2014)(Fig 4B).
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252  Next, we analysed 14 data sets from various organisms (Drosophila, zebrafish, sea squirt, worms
253  and cell culture cells,), which determined sgRNA cleavage efficiency for their performance using
254 the PlatinumCRISPr design tool (Doench et al. 2014; Gagnon et al. 2014; Ren et al. 2014; Wang et
255  al. 2014; Chari et al. 2015; Farboud and Meyer 2015; Hart et al. 2015; Moreno-Mateos et al. 2015;
256  Varshney et al. 2015; Xu et al. 2015; Doench et al. 2016; Gandhi et al. 2017; Xiang et al. 2021). For
257  overall performance (Fig 5), six data sets yielded significant (p<0.05) enrichment of high efficiency
258  performing sgRNAs (Ren et al. 2014; Wang et al. 2014; Chari et al. 2015; Moreno-Mateos et al.
259  2015; Xiang et al. 2021), and five showed enrichment (p<0.25) (Gagnon et al. 2014; Farboud and
260  Meyer 2015; Hart et al. 2015; Varshney et al. 2015; Xu et al. 2015), while two failed to show
261  enrichment for most of the parameters (Doench et al. 2014; Doench et al. 2016). In this analysis, we
262  noticed that structural constraints were significantly more important in cold-blooded organism,
263  where sgRNAs delivery is by injection in the absence of selection in contrast to cell culture cells,
264  where delivery is by transfection and selection for chronic exposure to sgRNAs for up to 10 days
265  before analysis.

266  When we analysed the performance of PlatinumCRISPr, Chariscore (Chari et al. 2015), Crispron
267  (Xiang et al. 2021), DeepSpCas9 (Kim et al. 2019), Doench Score (Doench et al. 2014), Azimuth
268  (implemented in ChopChop)(Doench et al. 2016), Moreno-Mateos Score (Moreno-Mateos et al.
269  2015), Wang Score (Wang et al. 2014), Wong Score (Wong et al. 2015) and Xu Score (Xu et al.
270  2015) prediction tools (Supplementary Fig 8A-L) with the different data sets determining sgRNA
271  cleavage efficiency we found that Wang Score performed best on the Doench data set and that
272 PlatinumCRISPr and Moreno-Mateos performed best with Drosophila and zebrafish generated data

273  sets, respectively, but we found no single prediction tool that stood out. In addition, in five out of
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274  six cell culture generated data sets none of the prediction tools outperformed the others or
275  substantially increased prediction efficiency (Supplementary Fig 8A-L).

276  As part of this analysis, we noticed that the average cleavage efficiency in the analyzed data sets
277  varied substantially (from 20-75% average cleavage efficiency, Sup Fig 8A-L) pointing towards a
278  bias in outcome when testing various prediction tools with different data sets. To identify common
279  patterns among the different prediction tools applied to different data sets in the following analysis
280  we therefor excluded data sets with cleavage efficiencies below 30% for further analysis (Gagnon et
281  al. 2014; Chari et al. 2015; Farboud and Meyer 2015; Doench et al. 2016).

282  The default element of ChopChop is Azimuth (Labun et al. 2019), but also implements elements
283  from Doench Score, Chari Score, Xu Score and Moreno-Mateos Score. We therefore reasoned that
284  a combination of two prediction tools could result in more reliable selection of high efficiency
285  cleaving sgRNAs. When we combined two prediction tools the highest scoring combination was
286  PlatinumCRISPr together with Wong score with an average cleavage prediction of 61% (Fig 6A)
287  and this combination also outperformed in all the remaining data sets (Fig 6B), but this increased
288  the stringency and only very few sgRNAs were selected.

289

290 A Drosophila transformation vector for expression of two sgRNAs

291  Next, we applied these novel sgRNA design rules to generate Drosophila gene deletions. For this
292  purpose we generated a new fly transformation vector with a GFP marker (Solomon et al. 2018),
293  that is easier to select than previously generate vermillion marked vectors that require a vermillion
294  mutant background for transgene identification (Port et al. 2014; Trivedi et al. 2020). This vector
295  expresses two 20 nt sgRNAs from U6./ and U6.3 promoters (Supplementary Fig S9A-C),

296  harboring a G as first nucleotide as a requirement for expression from the U6 promoter (Paule and
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297  White 2000; Ren et al. 2013). This plasmid can be generated by incorporating the two sgRNA
298  sequences in PCR primers for single step cloning into the plasmid, while previously published
299  vectors require two cloning steps or plasmid recombination (Port et al. 2014; Trivedi et al. 2020).
300  This sgRNA vector can then be injected into Drosophila expressing Cas9 in the germline for
301  CRISPR to induce mutations. Alternatively, this vector can be used to generate a transgenic line via
302  the attB site using phiC31 integrase mediated transformation. This fly strain is then crossed to a line
303  expressing Cas9 in the germline for generation of the desired genetic lesion. Transgenically
304 provided sgRNA/Cas9 generally results in a higher efficiency, because the sgRNAs are been
305  provided maternally.

306

307  Efficient generation of gene deletions by sgRNA/Cas9 using transposon markers

308 To generate deletions of the YTH protein genes Ythdcl and Ythdf, which are located on the third
309  chromosome, transposon inserts Mi{MIC}YT521-BM20% and PBac{SAstopDsRed}* 498! marked
310  with GFP or RFP, respectively, were combined with an X-linked vasCas9 or for nosCas9 germline
311  expression of Cas9. To allow for detecting loss of the transposon in the YTH protein genes the GFP
312 and RFP markers of the vasCas9 insert had been removed. These flies were then crossed to the GFP
313  marked sgRNA construct inserted on the 3™ chromosome (Fig 7A and F). The sgRNA insert has a
314  weak GFP marker and can generally be distinguished from Mi{MIC} inserts. Females from this
315  cross were mated with males containing 7M3 Sb/TM6 Th double-balancers in single crosses to
316  recover the sgRNA induced individual deletions and avoid analysis of clonal events. The male
317  progeny was then screened for loss of the GFP or RFP marker. Males which had lost the marker
318  were detected in 100 % (n=9) of the crosses for Ythdcl and in 88 % (n=9) for Yzhdf, respectively.

319 This is a substantial increase of efficiency over imprecise P-element excision with a frequency of
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320  0.01 to 1% (Soller et al. 2006; Haussmann et al. 2016; Haussmann et al. 2022). In those crosses
321  with loss of markers, all males for Ythdcl had lost the GFP marker, while for Yzhdf the average
322  frequency of marker loss was 42 % (n==8). In the reverse cross for Yzhdf, the frequency was 0%
323 (n=5) indicating that the low frequency in males is linked to the absence of recombination in males.
324  The identified single marker-less males were then crossed to TM3 Sb/TM6 Tb double-balancers to
325  establish a line and analysed with PCR using primers next to the deletion breakpoints yielding a
326  short PCR product (Fig 7B and G). A PCR product had been obtained in all lines were the marker
327  had been lost indicating that the expected deletion had indeed been generated. To generate Ythdcl
328  excision lines nosCas9 was used for germline expression of Cas9 as vasCas9 together with sgRNAs
329  targeting Ythdcl resulted in female sterility.

330

331  sgRNA/Cas9 scissioned fragments insert elsewhere in the genome

332 After establishing the lines, we noticed that all lines (n=10) established for the Ythdcl deletion did
333  not show the flightless phenotype previously reported (Haussmann et al. 2016). Therefore, we
334  selected four lines for further analysis by RT-PCR from RNA (Ythdcl excision lines, Fig 7C) or of
335  genomic DNA (Ythdf excision lines, Fig 7TH) of homozygous flies with primers that were within the
336  deletion and also flanked an intron. Unexpectedly, a copy of the gene was still present in all Ythdcl
337  and Ythdf excision lines analyzed suggesting that the deleted fragment had been inserted elsewhere
338  in the genome.

339  To remove this ectopic insert(s), positive lines were crossed to w+ marked deficiencies and out-
340  crossed for two generations. The X and 2™ chromosomes were then exchanged to establish null-
341  mutant lines from single chromosomes for Yzhdcl and Ythdf that were confirmed by RT-PCR to be

342  free of any ectopic inserts (Fig 7D, E and Fig 71, J). To avoid such complications in the future we
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343  generated a PBac w+ containing vector which can be efficiently inserted into a locus by cloning left
344  and right homology arms either to induce a partial deletion upon insertion. Alternatively, mutations
345 in sgRNA cleavage sites can be introduced into the homology arms to insert point mutations
346  followed by scar less removal of the PBac w+ by transposase.

347

348  Discussion

349  DNA scission by the sgRNA/Cas9 complex is highly specific and requires complete base-pairing
350  between the sgRNA and the target DNA generally not tolerating single miss-matches (Ren et al.
351  2014; Farboud and Meyer 2015). This feature makes the sgRNA/Cas9 complex an ideal tool for
352  genome editing, but its use is currently limited by the low predictability to cut its target in the
353  genome (Haeussler et al. 2016; Labuhn et al. 2018; Sledzinski et al. 2020).

354  Here, we discovered that the structure of the sgRNA is a key determinant for the scission efficiency
355  of the sgRNA/Cas9 complex in Drosophila. However, only about 50% of sequences adjacent to
356 PAM sites constitute sgRNAs that fold properly or are not compromised by unfavourable base-
357  pairing. In support of these two levels of interference, sgRNA R13GC correctly folds the tetraloop
358  and loop2/3, but did not cleave a short oligonucleotide substrate. This indicates that the structure of
359  this sgRNA blocks the catalytic activity of the sgRNA/Cas9 complex, likely by mimicking the
360  bulge structure of the tetraloop. Second, some sgRNAs allowed cleavage of short oligonucleotide
361  substrates (e.g. L7GC and R10ds6GC), but did not support efficient DNA scission of the target
362  sequence in the context of a 3 kb test-plasmid. Likely, these sgRNAs interfere with the ability of the
363  sgRNA/Cas9 complex to scan the DNA for target sites.

364 When we analyzed cleavage efficiencies of sgRNAs used in Drosophila (Ren et al. 2014), we

365 observed a good overlap with the ability of those sgRNAs to adopt the correct structure and having
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366  a high cleavage efficiency. Further refinement to the design of sgRNAs comes from the recognition
367  that the GC content in the seed region is a major determinant to cleavage efficiency in addition to
368  general GC content. Analysis of the x-ray crystal structure of the Cas9-sgRNA-DNA complex also
369 revealed that the two As in the tracrRNA before the tetraloop engage with Cas9 through base
370  stacking and hydrogen bonds (Nishimasu et al. 2014). Base-pairing of these two As with Us at the
371  end of the sgRNA (N9 and No) before the start of the tracrRNA impact sgRNA/CAS9 complex
372  function and reduce cleavage efficiency (Graf et al. 2019). Likewise, if sgRNAs are made by RNA
373  Pol III, terminate occurs at the boundary of the tracrRNA if two UU precede the GUUUU of the
374  start of the tracrRNA (Arimbasseri and Maraia 2015; Graf et al. 2019). Motif searches in various
375  dataset to determine sgRNA cleavage efficiencies did not reveal any further motifs that impact on
376  cleavage efficiency. If such bias exists, this would like have been exploited by parasites of
377  prokaryotic hosts.

378  The bacterial CRISPR-Cas9 system consists of two RNAs (crRNA and trRNA) that assemble with
379  Cas9 to form the active complex. crRNA and trRNA base-pair through sequence complementarity
380  to form the tetra loop in the active Cas9 complex (Garcia-Doval and Jinek 2017; Jiang and Doudna
381 2017; Hille et al. 2018). In type II systems the tractrRNA is required for crRNA maturation
382  suggesting that base-pairing takes place while being assembled with Cas9. After the crRNA is
383  trimmed, the entire CRISPR-Cas9 complex can scan genomic DNA for DNA scission sites.
384  Alternatively, the crRNA could hybridize first to genomic DNA and recruit tractrRNA and Cas9 to
385  form a complex for DNA scission on site. In this scenario, the crRNA would not be able to interfere
386  with tracrRNA/Cas9 complex activity by forming an aberrant RNA secondary structure, but
387  whether this second scenario could be applied to more efficient genome editing with reduced off-

388  target cleavage needs to be tested. Of note, the effect of structural constraints are stronger in cold-
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389  blooded animals likely reflecting that the optimal temperature for E. coli is 37°C. In this context, it
390  would be worth exploring how much longer the sgRNA can be to still support Cas9 DNA scission
391 as longer RNAs would more stably hybridize to DNA. In either case, however, understanding
392 sgRNA/CAS9 complex assembly will inform how to prevent off-target DNA scission.

393  In this study, we also compared various sgRNA cleavage efficiency prediction tools with 12
394  datasets that have determined sgRNA cleavage efficiencies in human cells and various model
395  organisms including Drosophila, zebrafish, C. elegans, honey bees and seasquirt (Doench et al.
396  2014; Gagnon et al. 2014; Ren et al. 2014; Wang et al. 2014; Chari et al. 2015; Farboud and Meyer
397  2015; Hart et al. 2015; Moreno-Mateos et al. 2015; Varshney et al. 2015; Wong et al. 2015; Xu et
398 al. 2015; Doench et al. 2016; Gandhi et al. 2017; Kim et al. 2019; Roth et al. 2019; Xiang et al.
399  2021). Here, the PlatinumCRISPr tool deemed best for Drosophila, Moreno-Mateos Score for zebra
400  fish and Wang Score for one human cell culture screen, but surprisingly all prediction tools failed to
401  convince for the other five cell culture screens. Possibly, chronic exposure over several days in cell
402  culture systems could lead to a bias in determining sgRNA cleavage, compared to short exposure
403  when injected into early stage embryos like in insects and zebra fish.

404  Taken together, optimizing sequence composition and structural constraints in sgRNA design
405  essentially contributes to high DNA cleavage efficiency. Accordingly, optimized sgRNAs show
406  very little base-pairing with sequences adjacent to the loop 1 region, or are not complementary to
407  the tetraloop structure and/or the loop2/3 structure. In addition, avoiding base-pairing in the 10 nt
408 seed region prior to the PAM site predicts high efficiency of sgRNAs for DNA scission.
409  Furthermore, avoiding two Us before the PAM site prevents interference with the sgRNA/Cas9
410  structure. In any case, however, by introducing the target sequence into a plasmid the efficiency of a

411  particular sgRNA can be reliably determined in an in vitro cleavage assay. Although this assay will
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412  determine the cleavage efficiency of an sgRNA, cellular features such as chromatin state can also
413  impact on Cas9 mediated DNA scission (Singh et al. 2015). In addition, whether genes are
414  expressed at the time of sgRNA cleavage likely also plays a role in the observed cleavage efficiency
415  as expression is associated with less compacted DNA.

416  Generating deletions of entire genes, or essential parts of them is the preferred way to generate a
417  null allele. This approach will avoid complications arising from introducing frameshifts at the
418  beginning of the ORF, as translation could reinitiate from later AUG or CUG start codons
419  (Koushika et al. 1999). In addition, in some genes the RNA has functions on its own, as shown for
420  oscar RNA that forms a large RNP particle with Oscar and other RNA binding proteins at the
421  posterior pole of a Drosophila oocyte (Hachet and Ephrussi 2004; Haussmann et al. 2011). Thus,
422  deletion of the entire gene region will discover such additional functions harbored in gene
423 transcripts.

424 When generating deletions of entire genes, we were very surprised to discover that the deleted DNA
425  fragment was inserted into the genome and transcribed, resulting in the expression of protein that
426  rescued the flightless phenotype in Ythdcl deletion allele. Although the mechanism for the
427  generation of these new inserts is not known, it seemed not to have led to complex chromosomal
428  aberrations, because the inserts could be removed by standard recombination and/or exchange of
429  chromosomes. Retro-transposition has been observed in the elav gene, which led to the loss of all
430 introns in Drosophila (Samson 2008). Likewise, holometabolous insects generally have three elav
431  genes, but honey bees have only one elav gene. The honey bee elav gene, however, carries features
432 of the other two genes present in Drosophila. Hence, elav in honey bees could have collapsed in an
433  ancestor from three to one gene by some form of recombination to include parts specific to the other

434  two elav genes (Ustaoglu et al. 2021). Likewise, the amyloid-f precursor protein (APP) gene
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435  displays copy number variation in the human brain, which are increased by retro-transposition in
436  sporadic forms of Alzheimer’s disease suggesting evolutionary conserved mechanisms for
437  reinsertion of genomic information (Lee et al. 2018). Re-insertion of fragments cut out by the
438  CRISPR-Cas9 system seems not to be specific to Drosophila as it has also been observed in human
439  cells (Geng et al. 2022). Since intron loss and gain occurs during evolution, the mechanism
440  underlying insertion of DNA fragments from sgRNA induced deletions might be responsible for
441  these changes. Thus, when generating sgRNA induced gene deletions, it is essential to test for the
442  absence of any transcripts by RT-PCR, but also to validate a deletion at the DNA level by PCR
443  wusing flanking primers or Southern blots. Alternatively, a GFP cassette with a polyA site can be
444  inserted to terminate the ORF in the beginning, but it needs to be evaluated whether the polyA site
445  in the beginning of the gene is used or whether the exon containing the GFP cassette is skipped
446  (Soller 2006; Wierson et al. 2020). For a more reliable way to generate gene knock-outs we have
447  now developed a PBac w+ marker that can be inserted when generating a deletion. Instead of
448  deleting the entire gene, however, deletion of a 5’part will render it non-functional. In addition, if
449  this 5’part inserts unwantedly, it will be non-functional. In any case, however, a marked locus will
450  allow for rigorous cleaning of the genetic background.

451 In essence, we have established the rules for designing highly efficient sgRNAs and established
452  methodology to efficiently generate gene deletions. These findings have implications for other RNA
453  based methodologies including prime editing (Anzalone et al. 2019; Bosch et al. 2021).

454

455 Materials & Methods

456  sgRNA/Cas9 directed DNA cleavage
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457  DNA templates for in vitro transcription were reconstituted from synthetic oligonucleotides. As
458 only the T7 promoter needs to be double-stranded for in vitro transcription, a T7 promoter

459  oligonucleotide (CCTGGCTAATACGACTCACTATAG) was annealed to an anti-sense Ultramer

460 (IDT DNA) encoding the entire sgRNA in addition to the T7 promoter. Alternatively, a 60 nt T7
461  promoter oligonucleotide with a partial sgRNA was annealed to an anti-sense oligonucleotide
462  encoding the tracrRNA
463 (AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTT
464 AACTTGCTATTTCTAGCTCTAAAAC) for 15 min at 40° C (2 uM) and made double-stranded by
465  extension with Klenow fragment of DNA polymerase I according to the manufacturer’s instructions
466  (NEB). Klenow was then heat-inactivated 10 min at 85° C and oligonucleotides were desalted with
467  a G-50 Autoseq Sephadex spin column (GE) before using for in vitro transcription.

468  Then, sgRNAs were generated by in vitro transcription with T7 polymerase (T7 MEGAscript,
469  Ambion) from synthetic oligonucleotides (0.2 pM) and trace-labeled with **P alpha-ATP (800
470  Ci/mmol, 12.5 pM, Perkin Elmer) in a 20 pl reaction according to the manufacturer’s instructions.
471  After DNAse I digestion, free nucleotides were removed with a G-50 Probequant Sephadex spin
472 column (GE). Then, sgRNAs were heated for 2 min to 95° C and left at room temperature to adopt
473  folding. Then, sgRNAs were quantified by scintillation counting and analysed on 8-20 %
474  denaturing polyacrylamide gels as described (Dix et al. 2022).

475  For synthetic substrate DNAs the sense oligonucleotide (1 pM, sgRNA flanking sequences are:
476  TCGAGCATTATATGAAC-sgRNA-GGGTATTGGGGAATTCATTATGC) was labeled with 3P
477  gamma-ATP (6000 Ci/mmol, 25 uM, Perkin Elmer) with PNK (NEB). After heat-inactivation of
478 PNK for 2 min at 95° C, sense and anti-sense (anti-sense SgRNA flanking sequences are:

479  GGCCGCATAATGAATTCCCCAATACCC-as sgRNA-GTTCATATAATGC) oligonucleotides
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480  were annealed by letting cool down to room temperature and used in sgRNA/Cas9 cleavage assays.
481  For plasmid sgRNA/Cas9 cleavage assays, these annealed oligonucleotides were cloned into a
482  modified pBS SK+ using a Xho I and Not I cut vector to assay sgRNA/Cas9 activity.

483  For sgRNA/Cas9 cleavage assays, DNA/sgRNA/Cas9 ratios of 1/10/10 were used in a 10 pl
484  reaction using the buffer supplied (NEB) and DEPC-treated water (Haussmann et al. 2019).
485  Typically Cas9 (100 nM final) was incubated with sgRNA (100 nM) for 10 min at 25° C before
486  adding oligonucleotides (10 nM final) or plasmid DNA (10 nM, corresponds to ~25 ng/ul final
487  concentration of a 3 kb plasmid). Plasmids were linearized after Cas9 digestion by first heat
488  inactivating Cas9 for 2 min at 95°C, and then adding 10 pl of a restriction enzyme (5 U) in NEB
489  buffer 3. Adding a restriction enzyme together with Cas9 inhibited DNA scission by Cas9.
490  Cleavage of oligonucleotides was analysed on 8 % denaturing polyacrylamide gels and plasmid
491  DNA was analysed on ethidium bromide stained agarose gels.

492  RNA secondary structure was analyzed with RNAfold at http://rna.tbi.univie.ac.at (Gruber et al.

493  2008) using the following tracrRNA sequence:
494  GUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAA
495 AAGUGGCACCGAGUCGGUGCUUUUUU.

496

497  Criteria for optimal sgRNA design and Cas9 structural analysis

498  Criteria to select sgRNAs that maintain the structure required for efficient Cas9 DNA scission were

499  implemented in the server accessible at https://platinum-crispr.bham.ac.uk/predict.pl and are as

500  follows. The first nucleotide of the sgRNA needs to be a G for efficient transcription initiation by
501  RNA Pol III (Paule and White 2000). For T7 mediated in vitro transcription, three Gs need to be

502  added to sgRNAs of 23 nucleotides. Disruption of the tetraloop or loop 2 and 3 structures, and the

Haussmann et al. 22


https://doi.org/10.1101/2022.12.15.520550
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.15.520550; this version posted March 25, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

503  sequence U A/G G C/U A/G of nucleotides 16-20, which will result in a tetraloop bulge mimic,
504  were classified as low efficiency sgRNAs as these parts are recognized by Cas9 (Nishimasu et al.
505 2014). Similarly, a hairpin loop in the gRNA consisting of 4 or more base pairing nucleotides, or
506  base pairing of nucleotides 17-20 of the gRNA (U/C U/C U U), or base-pairing of eight nucleotides
507  within the seed region with looped-out nucleotides spaced by three base-pairing nucleotides (N11-
508 N20), or a GC content below 15% (1 or 2 nts) or above 50% (11 or more nts) were also considered
509  low efficiency. Medium efficiency was assigned for gRNAs with a GC content of 15-25 % (3-5 nts)
510  or 40-50% (8-10 nts), or a low CG content in the seed region (less than 5 nts in nucleotides 11-20).
511  In addition, two U’s at position 19/20 of the gRNA reduce efficiency because of premature
512 transcription termination (Gao et al. 2018; Graf et al. 2019). Further, we assigned a medium impact
513  if both of the two nucleotides Asi As> and Ge2 Uss in the three way junction of loop 1 were base
514  paired or seven nucleotides within the seed region (N11-N20) base-paired with looped-out
515 nucleotides spaced by three base-pairing nucleotides. Thus, we deemed an sgRNA optimal to allow
516  Cas9 to cleave DNA with high efficiency, if the GC content is 30-35 % (6-7 nts) and none of the
517  above criteria applied.

518  Cas9/sgRNA structural complex analysis was done using Chimera as described (Dix et al. 2022).
519

520  RNA extraction, RT-PCR and PCR on genomic DNA

521  Total RNA was extracted using Tri-reagent (SIGMA) and reverse transcribed with Superscript 11
522 (Invitrogen) according to the manufacturer’s instructions using an oligo dT primer. PCR was done
523  for 40 cycles with 1 pl of cDNA, with 1 pg of genomic DNA or from a single fly after freezing and
524  drying in 200 pl of isopropanol. Primers to detect the sgRNA/Cas9 induced deletion in Ythdcl were

525 YT F1 (GCCGCTGTGACGCAGAATTTGTGTG) and YT R1
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526 (GGCCGTGCATGTTGCGCATGTAGTCCO), and in Ythdf were 64F1
527 (GCCGAGAAAGTGCACAAGGATACGGAG) and 64R1
528 (CAAGGAATGGCTGAAGCAGACTCCTTG). Primers to amplify parts of the body of the RNA
529  also flanking an intron were for Ythdcl YT F2 (CCACGCTGCCGCAGAACGACGCCAATC) and
530 YT R2 (GCGGCAGATCCAGTCAAGCTCGATGAC), and in Ythdf were 64F2
531 (GAGCTGCCTGTCGATTCCCAACTCGTG) and 64R2
532 (CCGCCCTCTTCGTGTCGCTCCTTGAAG). Primers to amplify parts of the ewg gene have been
533  described elsewhere (Koushika et al. 1999).

534

535  Cloning of sgRNAs into pUC 3GLA U6.1 Bbsl

536  To clone two sgRNAs expressed by U6 promoters, the “tracrRNA U6.3 promoter” fragment was
537  amplified with left (AAGATATCCGGGTGAACTTCGN 9GTTTTAGAGCTAGAAATAGC) and
538  right (GCTATTTCTAGCTCTAAAACN 9CGACGTTAAATTGAAAATAGG) sgRNA primers
539  from pUC 3GLA U6.1/3 sgRNA using Pwo polymerase (Roche) with initial 30 sec denaturation at
540  94°C followed by two cycles 94°C/30 sec, 49°C/40 sec, 72°C/45 sec, then two cycles 94°C/30 sec,
541  51°C/40 sec, 72°C/45 sec and 22 cycles two cycles 94°C/30 sec, 56°C/40 sec, 72°C/45 sec.
542  Transcription from the U6 promoter initiates with a G (bold, underlined). Although this G does not
543  need to be present in the targeting sequence, it needs be included for folding of the sgRNA. The
544  sequences for the sgRNAs in Ythdcl were gACAGGTATTCCCAAACTCAC and
545 GACATGTAGCGTTCCCATGA, and for Ythdf were GTCCTGAAATACGAGCACAA and
546 gATAACGAACATGTGGGATCT. The pUC 3GLA U6.1 Bbsl vector was cut by Bbsl and the
547  “sgRNALI tracrRNA U6.3 promoter sgRNA2” fragment was cloned by Gibson assembly according

548 to the manufacturer’s instructions (NEB). For sequencing, primer U6.1 Fseq
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549  (GCGCGTACGTCCTTCGCATCCTTATG) was used. The sequences for pUC 3GLA HAi Dscam
550  3-5, pUC 3GLA U6.1 Bbsl and the pUC 3GLA U6.1/3 Ythdf sgRNA have been deposited
551 (MK908409, MK908408 and MK908407).

552

553  Drosophila genetics and phiC31 integrase-mediated transgenesis

554  All Drosophila melanogaster strains were reared at 25°C and 40%—-60% humidity on standard
555  cornmeal-agar food in 12:12 h light:dark cycle as described (Haussmann et al. 2013). CantonS was

556  used as a wild type control. For the Ythdcl, the GFP marked Mi{MIC}YT521-B02%6 transposon
557  insert and the w+ marked Df(3L)Exel6094 deficiency were used, and for Yrhdf, the RFP marked

558  PBac{SAstopDsRed}'*"*%8! insert and the w+ marked deficiency Df{3R)ED6220 were used. For
559  phiC31 mediated transformation, constructs were injected into y! w* M{vas-int. Dm}ZH-2A,
560  PBac{y+-attP-3B}VK00013 with the landing site inserted at 76A as previously described
561 (Haussmann et al. 2013). Prior to insertion of GFP marked constructs, the GFP and RFP markers
562 had been removed from the yI w* M{vas-int. Dm}ZH-2A landing site by Cre mediated
563  recombination (Bischof et al. 2007; Zaharieva et al. 2015).

564

565 Implementation of PlatinumCRISPr

566  PlatinumCRISPr is implemented as a Perl script based web-server iteratively evaluating the rule set
567  described in the main text. A guide is classified as “compromised” if any of the rules is violated.
568  For analysis of an sgRNA consisting the target complementary sequence (spacer) and the constant
569  crispr RNA (crRNA) fused to the tracrRNA through an artificial loop is used whereby the first
570  nucleotide of the 20 nt spacer sequence is a G, because a G is needed for transcription (Jinek et al.
571  2012; Cong et al. 2013). Folding of the sgRNA is computed using RNAFold (Version 2.4.17) and

572  further processed using bpRNA for subsequent interpretation of the dot-bracket code describing the
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573  secondary structure by a custom-made Perl script. Notably, the sequence position is calculated from
574  the 3’end of the tracerRNA to allow for variable length of the spacer (between 18 and 23 nt) for
575  custom applications using synthesized RNA consisting of the spacer fused to the crRNA and
576  hybridized to the tracrRNA.

577  PlatinumCRISPr classifies guides by a binary outcome and typically reports around 70% of
578  sgRNAs as “compromised”. Accordingly, only the top 30% were analysed for the distribution of
579  their reported cleavage efficiency in a given data set for each scoring application (Supplementary
580  Fig S8). Statistical significance was calculated using a one-sided Wilcoxon signed-rank test. We are
581  grateful to M. Haeussler for providing published guide sequencing and cleavage efficiency scores
582  (Haeussler et al. 2016). CrisperON and DeepSpCas9 guide sequencing and cleavage efficiency
583  scores were calculated using published web-interfaces (Wong et al. 2015; Xiang et al. 2021).

584
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821 FIGURE LEGENDS

822  Figure 1: Sequence dependent in vitro cleavage of oligonucleotides and plasmid DNA by the
823  sgRNA/Cas9 complex.

824  (A) Sequences of sgRNAs with observed cleavage sites indicated by arrow heads. Small letter
825  guanosines used for in vitro transcription are not present in the target DNA sequence. The seed

826  sequence is indicated by a line at the bottom.
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827  (B) Agarose gel showing Cas9 mediated cleavage of the 11.3 kb Dscam 3-5 plasmid for 24 h with
828  indicated sgRNAs. Plasmids were cut with either Acc65I (lanes 2, 3, 6 and 7) or BspEI (lanes 4, 5,
829 8 and 9) after Cas9 cleavage. The line at the bottom shows a map of the plasmid with restriction
830  sites indicated. Size markers are EcoRI/HinDIII digested A DNA of 20 kb, 3.6 kb, 1.9 kb and 0.8
831  kb.

832  (C) Structure of the sgRNA scaffold from co-crystallization with Cas9 (Nishimasu et al., 2014).
833  Vertical or horizontal lines indicate Watson-Crick base-pairing, and dots or dashed lines indicate
834  non-Watson-Crick base-pairing. Nucleotides base-pairing in loop 1 are bold. Additional base-
835  pairing found in the tractrRNA-crRNA heterodimer is indicated in the extended scaffold (Jinek et
836 al, 2012).

837 (D) Agarose gel showing Cas9 mediated cleavage of the 11.3 kb Dscam 3-5 plasmid for 24 h with
838 indicated sgRNAs L7GC and R3G. Plasmids were cut with Pstl and Notl. The star denotes
839  incomplete cleavage by Notl and the line at the bottom shows a map of the plasmid with restriction
840  sites indicated. Size markers are EcoRI/HinDIII digested A DNA of 20 kb, 3.6 kb, 1.9 kb and 0.8
841  kb.

842  (E) Denaturing acrylamide gel showing Cas9 mediated cleavage of synthetic oligonucleotides with
843  indicated sgRNAs.

844  (F) Sequences of sgRNAs with variable length. Small letter guanosines used for in vitro
845  transcription are not present in the target DNA sequence.

846  (G) Denaturing acrylamide gel showing Cas9 mediated cleavage for 1 h of synthetic
847  oligonucleotides with indicated sgRNAs of variable length.

848  (H-K) Structure of sgRNAs. Nucleotides base-pairing in loop 1 are bold. Red lines in J and K

849  indicate potential base-pairing with nucleotides in loop 2. The red arrow in J indicates the sequence
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850  complementarity leading to a bulge in the tetraloop. The red arrows in K indicate a duplication of
851  the bulge structure present in the tetraloop.

852

853  Figure 2: Secondary structure of sgRNAs affects Cas9 mediated cleavage efficiency.

854  (A) Sequences of sgRNAs. Small letter guanosines used for in vitro transcription are not present in
855  the target DNA sequence.

856 (B) Agarose gel showing Cas9 mediated cleavage after 6 h of 3 kb pBS SK+ test-plasmids
857  containing the target sequence with indicated sgRNAs. Plasmids were linearized with Scal as in the
858  control after Cas9 heat inactivation. Size markers are EcoRI/HinDIII digested A DNA of 20 kb, 3.6
859 kb, 1.9 kb and 0.8 kb.

860  (C) Denaturing acrylamide gel showing synthetic oligonucleotides before and after sgRNA/Cas9
861  mediated cleavage for 1h.

862  (D-G) Structure of sgRNAs. Nucleotides base-pairing in loop 1 are bold. Red lines in D indicate
863  potential base-pairing with nucleotides in loop 2. Green nucleotides indicate mutations compared to
864  sgRNA R13G.

865

866  Figure 3: Base-pairing of sgRNAs in the seed-region blocks Cas9 mediated cleavage of a test
867  plasmid.

868 (A, B) Structure of sgRNAs. Horizontal red lines in A and B indicate artificially introduced base-
869  pairing with the sgRNA scaffold, and vertical red lines in a indicate potential base-pairing with
870  nucleotides in loop 2. Nucleotides base-pairing in loop 1 are bold.

871  (C) Denaturing acrylamide gel showing synthetic oligonucleotides before and after sgRNA/Cas9

872  mediated cleavage for 1h. Note that Cas9 cleavage is heterogeneous.
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873 (D) Agarose gel showing Cas9 mediated cleavage after 6 h of 3 kb pBS SK+ test-plasmids
874  containing the target sequence with indicated sgRNAs. Plasmids were linearized with Scal as in the
875  control after Cas9 heat inactivation. Size markers are EcoRI/HinDIII digested L DNA of 20 kb, 3.6
876 kb, 1.9 kb and 0.8 kb.

877

878  Figure 4: PlatinumCRISPr selects high efficiency sgRNAs and outperforms other sgRNA selection
879  tools for a Drosophila data set.

880  (A) Comparison of the in vivo efficiency of all sgRNAs from the Ren et al. (2014) data set with
881  PlatinumCRISPr selected sgRNAs.

882  B) Comparison of the sgRNA selection performance of PlatinumCRISPr with other sgRNA
883  selection tools.

884

885  Figure 5: Comparison of individual sgRNA selection criteria for performance with different data
886  sets. The different data sets with the number of sgRNAs tested are indicated on the left. The
887  different selection criteria are shown on top. Significant and enriched performances are indicated in
888  red and orange, respectively (p<0.05 and p<0.25). Criteria with numbers below 5% are indicated in
889  beige, and criteria already applied to the data set are shown in grey.

890

891  Figure 6: Combinations of two sgRNA selection tools select high efficiency cleaving sgRNAs for
892  several sgRNA efficiency screen data sets. Combinations of sgRNA selection tools in A are listed
893  according to overall cleavage efficiency of selected sgRNA significant (p<0.05) for both methods
894  (red) or one method (dark grey). Black indicates events with less than 5% of sgRNAs selected by at

895  least one method. Comparison of sgRNA selection by different sgRNA selection tools shown as
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896 median of the cleavage efficiency for individual data sets (B). The distribution of cleavage
897 efficiencies for all sgRNAs is shown on the left (white box) and for PlatinumCRISPr-Wong Score
898 inred, Wond Score-Xu Score in purple and PlatinumCRISPr-Moreno-Mateos Score in blue.

899

900

901  Figure 7: Generation of gene deletions in Drosophila YTH protein genes using two sgRNAs/Cas9
902  and transposon markers.

903  (A) Schematic to the Ythdcl locus indicating transcripts (white boxes) and the ORF (black boxes)
904  below the chromosome. Primers used are indicated on top and below the transcripts. The w+
905 marked transposon used for detecting deletions in the locus is indicated by a triangle and the
906  deletion generated is indicated by a line.

907 (B) Agarose gels showing PCR products amplified from genomic DNA of control or Ythdcl
908 transposon excision lines using primers flanking the deletion. Presence of a PCR product indicates
909  the expected gene deletion. DNA markers are indicated on the left.

910 (C) Agarose gels showing RT-PCR products amplified from cDNA of control or Ythdcl
911 transposon excision lines using internal primers flanking an intron. Ectopic insertion in the opposite
912  orientation is indicate by an asterisk (lane 4) as in this instance the transcript is not spliced. DNA
913  markers are indicated on the left.

914 (D) Agarose gels showing PCR products amplified from genomic DNA of control or Ythdc1’ flies
915  using internal primers and primers flanking the deletion. DNA markers are indicated on the left.

916  (E) Agarose gels showing RT-PCR products amplified from cDNA of control or YthdcI*’ flies

917  using internal primers in Ythdf and ewg genes. The PCR product of the ewg gene was used as

918 loading control. DNA markers are indicated on the left.
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919  (F) Schematic to the Yzhdf locus indicating transcripts (white boxes) and the ORF (black boxes)
920  below the chromosome. Primers used are indicated on top and below the transcripts. The RFP
921 marked transposon used for detecting deletions in the locus is indicated by a triangle and the
922  deletion generated is indicated by a line.

923  (G) Agarose gels showing PCR products amplified from genomic DNA of control or Yzhdf
924  transposon excision lines using primers flanking the deletion. Presence of a PCR product indicates
925  the expected gene deletion. DNA markers are indicated on the left.

926 (H) Agarose gels showing PCR products amplified from genomic DNA of control or Ythdf
927  transposon excision lines using primers flanking an intron. DNA markers are indicated on the left.
928  (I) Agarose gels showing PCR products amplified from genomic DNA of control or Yzhdf*5! flies
929  using internal primers and primers flanking the deletion. DNA markers are indicated on the left.

930  (J) Agarose gels showing RT-PCR products amplified from cDNA of control or Ythdf*5! flies

931  wusing internal primers in Ythdf and ewg genes. The PCR product of the ewg gene was used as
932  loading control. DNA markers are indicated on the left.

933

934  Supplementary Figures

935

936  Supplementary Figure S1. Secondary structures of sgRNAs used in Figs 1-3 predicted by
937  RNAfold.

938

939  Supplementary Figure S2. Inactive sgRNAs targeted to the Drosophila ythdf (CG6422) gene.

940  (A) Sequences of sgRNAs targeting the CG6422 locus for generating a deletion.
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941 (B, C) Secondary structures of sgRNAs. The scaffold is shown on the left indicating Watson-Crick
942  base-pairing by lines and the predicted secondary structure by RNAfold is shown on the right.

943

944  Supplementary Figure S3. Secondary structure of sgRNAs targeted to the Drosophila white gene
945  from Ren et al. (2014).

946  (A-AA) Secondary structures of sgRNAs predicted by RNAfold. Minimal energy and proximity
947  base-pair structures are shown on the left and right, respectively. Red and blue indicated high and
948  low probabilities for the adopted structural base-pairing assignment, respectively. The number on
949  the right indicates the effectiveness of inducing heritable mutations after injection into fly embryos
950 as determined by Ren et al. (2014). Red and green numbers indicate an effectiveness which is too
951  high or too low compared to predicted DNA cleavage efficiency. Red arrows point towards
952  structural features likely limiting DNA cleavage and green arrows point towards structural features
953  supporting DNA cleavage.

954

955  Supplementary Figure S4. Secondary structure of sgRNAs targeted to the Drosophila vermillion,
956  ebony and yellow gene from Ren et al. (2014).

957  (A-L) Secondary structures of sgRNAs predicted by RNAfold targeting the vermillion (A-D), the
958  ebony (E-H) and the yellow gene (I-L) . Minimal energy and proximity structures are shown on the
959 left and right, respectively. Red and blue indicated high and low probabilities for the adopted
960  structural base-pairing assignment, respectively. The number on the right indicates the effectiveness
961  of inducing heritable mutations after injection into fly embryos as determined by Ren et al. (2014).

962 Red and green numbers indicate an effectiveness which is too high or too low compared to
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963  predicted DNA cleavage efficiency. Red arrows point towards structural features likely limiting
964  DNA cleavage.

965

966  Supplementary Figure S5. Secondary structure of sgRNAs targeted to human CD22 from Graf et
967 al. (2019).

968  (A-V) Secondary structures of sgRNAs predicted by RNAfold. Minimal energy and proximity base-
969  pair structures are shown on the left and right, respectively. Red and blue indicated high and low
970  probabilities for the adopted structural base-pairing assignment, respectively. The number on the
971  right indicates the effectiveness of inducing heritable mutations after injection into fly embryos as
972  determined by Ren et al. (2014). Red and green numbers indicate an effectiveness which is too high
973  or too low compared to predicted DNA cleavage efficiency. Red arrows point towards structural
974  features likely limiting DNA cleavage.

975

976  Supplementary Figure S6. Key sgRNA secondary structural features directly interact with the Spy
977  Cas9 endonuclease in the three way junction .

978 (A) Minimum Free Energy (MFE) predicted secondary structure of the sgRNA used for co-
979  crystallization of Spy Cas9 (Nishimasu et al., 2014). Nucleotides involved in the three way junction
980 interactions are indicated (Asi, Asz, G2 and Usg3)

981 (B) X-ray crystal structure of spyCas9 endonuclease in complex with chimeric sgRNA bound to
982  genomic DNA target (PDB: 4008) (Nishimasu et al 2014). The gRNA portion is coloured in pink
983  and the remainder of the sgRNA is coloured in orange. Genomic DNA is coloured yellow and the

984  protein chain is coloured in green. Nucleotide residues situated at key structural features in the
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985  sgRNA are coloured cyan. Note that a small portion of the Cas9 protein chain depicting amino acid

986  side chains to view the sgRNA three-way junction is transparent.

987  (C) Magnified view of the sgRNA three-way junction. Hydrogen bonds are indicated by black

988  dashed lines and aromatic stacking interactions are shown by pink dashed lines. Here, the

989 interaction of Phel105 with Asi, Asz and Ues and the interaction of Gez with Asi, Asy and the

990 phosphate backbone can be seen.

991

992  Supplementary Figure S7. Key sgRNA secondary structural features directly interact with the Spy

993  Cas9 endonuclease in the tetraloop bulge.

994  (A) Minimum Free Energy (MFE) predicted secondary structure of the sgRNA used for co-

995  crystallization of spyCas9 (Nishimasu et al., 2014). Nucleotides forming the bulge are indicated

996  (Ass, A1, A and Ga3).

997  (B) X-ray crystal structure of Spy Cas9 endonuclease in complex with chimeric sgRNA bound to

998  genomic DNA target (PDB: 4008) (Nishimasu et al 2014). The gRNA portion is coloured in pink

999  and the remainder of the sgRNA is coloured in orange. Genomic DNA is coloured yellow and the
1000  protein chain is coloured in green. Nucleotide residues situated at key structural features in the
1001  sgRNA are coloured cyan. Note that the tetra loop after the bulge does not interact with Cas9 and
1002 sticks out of the structure.
1003  (C) Magnified view of the sgRNA bulge present in the tetra loop. Hydrogen bonds are indicated by
1004  black dashed lines and aromatic stacking interactions are shown by pink dashed lines. Here, the
1005  interactions of Phe351, Tyr359 and Asp364 with A4, and Ga3 can be seen. Inlet on the right: 180°
1006  turn to visualize base-stacking of Uss with Tyr325 and His328. Through these interactions base-

1007  pairing with G27 is prevented.
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Supplementary Figure S8. Comparison of sgRNA selection by different sgRNA selection tools
shown as median of the cleavage efficiency for individual data sets (A-L). The distribution of

cleavage efficiencies for all sgRNAs is shown on the left (white box).

Supplementary Figure S9: Drosophila GFP-marked transformation vector for U6 promoter
mediated expression of two sgRNAs.

(A) Forward and return primer sequences to incorporate sgRNA sequences. The first nucleotide of
the gRNA is indicated by an asterisk.

(B) Cloning scheme for incorporating two sgRNAs into the destination vector.

(C) Plasmid map of the fly transformation vector pUC 3GLA U6.1/U6.3 sgRNA expressing two
sgRNAs under U6.1 and U6.3 promoters, respectively.

(D) Secondary structure of sgRNAs targeting Ythdcl and Ythdf.
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Supplementary Figure S2
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Supplementary Figure S6
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Supplementary Figure S8
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Supplementary Figure S9
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